The prenylquinone content and biosynthetic capabilities of membrane fractions enriched in outer and inner envelope membranes from spinach chloroplasts were analyzed. Both envelope membranes contain prenylquinones, and in almost similar amounts (on a protein basis). However, the outer envelope membrane contains more a-tocopherol than the inner one although this prenylquinone is the major one in both fractions.
On the contrary, plastoquinone-9 is present in higher amounts in the inner envelope membrane than in the outer one. In addition, it has been demonstrated that all the enzymes involved in the last steps of a-tocopherol and plastoquinone-9 biosynthesis, i.e., homogentisate decarboxylase polyprenyltransferase, S-adenosyl-methionine:methyl-6-phytylquinol methyltransferasc, S-adenosyl-methionine: a-tocopherol methyltransferase, homogentisate decarboxylase solanesyltransferase, S-adenosyl-methionine:methyl-6-solanesylquinol methyltransferase, and possibly 2,3-dimethylphytylquinol cyclase, are localized on the inner envelope membrane. These results demonstrate that the inner membrane of the chloroplast envelope plays a key role in chloroplast biogenesis, and especially for the synthesis of the two major plastid prenylquinones. The chloroplast envelope of spinach for a higher proportion of the envelope leaves contains several prenylquinones as prenylquinone content when compared basic constituents: plastoquinone-9, phylwith the thylakoids. These differences may loquinone, a-tocoquinone, and cy-tocobe characterized by the a-tocopherol to pherol (1, 2) . Qualitatively, the prenylplastoquinone-9 ratio, which is much quinones of both types of chloroplast higher in the envelope fraction (2.6) than membranes (thylakoids and envelope in the thylakoids (0.3). The minor quinone membranes) are identical, but the proporcomponents (a-tocoquinone and phyllotions in which they are present are differquinone) appear in both membrane fracent. Thus plastoquinone-9, a well-known tions in similar proportions. In addition, electron carrier between the two photoplastohydroquinone-9, the reduced form systems, accounts for a higher proportion of plastoquinone-9 which occurs in thyof the thylakoid prenylquinone content lakoids at 30 to 50% of the concentration when compared with the envelope fraction.
of plastoquinone, was not detected in enOn the other hand, cY-tocopherol accounts velope membranes (1, 2 Table I,  both membrane fractions contained prenylquinones, and in almost similar amounts (10 to 12 pg/mg protein). The major prenylquinone in both membrane fractions was a-tocopherol, but the outer envelope membrane contained (on a protein basis) 50% more a-tocopherol than the inner envelope membrane.
Phylloquinone concentration was in the range of detectabil- ity and seemed to be more equally distributed than ol-tocopherol. Plastoquinones were enriched in the inner envelope membrane; the cy-tocopherol to plastoquinone-9 ratio was 2.1 in the inner envelope membrane and 4.45 in the outer envelope membrane. These values are much higher than those found in thylakoids (0.3) but are in the same range as the values found in total envelope (2.6) [see Ref.
(l)]. Interestingly, plastoquinones were found in both their oxidized and reduced forms with a ratio of about 1 to 1 (Table I) .
a-Tocopherol Synthesis within Envelope Membranes
The final steps of cu-tocopherol synthesis, which are summarized in Fig. 1 , have been demonstrated in spinach chloroplast envelope membranes (5, 6) . Using wellcharacterized membrane fractions enriched in outer and inner envelope membranes (lo-13), we measured the activities of the enzymes involved in a-tocopherol synthesis within chloroplast envelope membranes.
The first enzyme involved in this synthesis, a homogentisate decarboxylase polyprenyltransferase, catalyzes the prenylation of homogentisic acid with phytyl-PP to yield methyl-6-phytylquinol. As shown in Fig. 2 , most of the activity was present in the inner envelope membrane fraction. Little activity was present in the outer membrane fraction and the ratio of methyl-6-phytylquinol synthesis was about 8 to 1 in favor of the inner membrane fraction.
From studies with isolated chloroplasts, it is known that the most probable next reaction in a-tocopherol synthesis is the methylation of methyl-6-phytylquinol with S-adenosylmethionine to form 2,3-dimethylphytylquinol (3, 6, 21) (Fig. 1) . As shown in Fig. 3 , we found again that most of the activity of S-adenosyl-methionine: methyl-6-phytylquinol methyltransferase was concentrated in the inner envelope membrane fraction.
Cyclization of 2,3-dimethylphytylquinol to form y-tocopherol ( Fig. 1 ) is difficult to demonstrate in purified envelope membranes; in previous experiments (5) with total envelope membranes we found that this activity was at the limit of detectability. The same result was obtained here (results not shown). This is not surprising since in isolated intact chloroplasts, this step was shown to be the slowest in a-tocopherol synthesis (2, 5). The final step in a-tocopherol synthesis is the methylation of y-tocopherol by Sadenosyl-methionine (Fig. 1) . We found that the S-adenosyl-methionine:y-tocopherol methyltransferase was almost entirely localized in the membrane fraction enriched in inner envelope membranes (Fig. 4) .
From all these data, we can conclude that the final steps in a-tocopherol synthesis occur in the inner envelope membrane of spinach chloroplasts.
The activities found in the membrane fraction enriched in outer envelope are always very low and can be attributed to cross-contamination by small vesicles deriving from the inner membrane [ 5) and they have been demonstrated in envelope membranes (5, 6) . In fact, the reactions involved, i.e., the condensation of homogentisic acid and solanesyl-PP and the methylation of methyl-6-solanesylquinol, are similar to those involved in a-tocopherol synthesis (compare Figs. 1  and 5) . However, the intermediate (methyl-6-solanesylquinol)
was not available as a reference standard; therefore, we decided to assay plastoquinone synthesis in a single incubation containing the substrates which were necessary for both reactions, i.e., homogentisic acid, solanesyl-PP and S-[methyZ-'4C]adenosyl-methionine.
As shown in Fig. 6 , plastoquinone-9 synthesis occurred only in the inner envelope membrane fraction. No activity could be de-OH A /. tected in the outer envelope membrane fraction.
DISCUSSION
The results presented in this article confirm and extend our previous data on the presence of prenylquinones in envelope membranes (1, 2) and on the localization of their synthesis in this membrane system (5, 6 the two membrane fractions analyzed are devoid of plastoglobule clusters and of thylakoid fragments, as shown by electron microscopy (10); second, the polypeptide, polar lipid, and carotenoid composition of the two fractions (10, 11) and the absence of chlorophyll (10) are inconsistent with a significant contribution of prenylquinones deriving from thylakoids; and third, the prenylquinones of both envelope membranes and of thylakoids are different [see also (1, 2) ]. This is particularly true when we consider the cY-tocopherol to plastoquinone-9 ratios, which are 4.45,2.1, and 0.3 for the outer envelope membrane, inner envelope membrane, and thylakoids, respectively.
However, the prenylquinone composition of the two envelope membranes is not identical. The outer envelope membrane contains more a-tocopherol than the inner envelope membrane although this prenylquinone is the major one in both fraction; the reverse is true for plastoquinone-9, which is present in higher amounts in the inner envelope membrane than in the outer membrane. It is interesting to note that we found plastoquinone-9 in both its oxidized and reduced forms. This is the first time that plastohydroquinone has been shown to be present in envelope membranes. However, it must be pointed out that in previous analyses (1, 2) lyophylized samples were analyzed; therefore, it is likely that under these conditions the reduced form of plastoquinone-9 was completely oxidized. One question which remains to be elucidated is the physiological significance of the presence of prenylquinones in envelope membranes. Indeed, the presence of both the reduced and oxidized forms of plastoquinone-9 indicates a probable biological function for these compounds in envelope membranes. One can suggest that plastoquinone-9 might be involved in the transfer of electrons for fatty acid or carotenoid desaturation. As a matter of fact, it is now well established that envelope membranes, and especially the in-ner envelope membrane, play a key role in the synthesis of galactolipids [see (22) for a review]. It is, however, clear that further work is needed in order to establish the role of the envelope plastoquinone-9 in fatty acids desaturation on galactolipid molecules. Another possible role for the envelope prenylquinones is as antioxidants. Indeed, the large amount of LYtocopherol in both envelope membranes is an argument in favor of such a hypothesis. Finally, the presence of prenylquinones in envelope membranes could be the result of their biosynthesis in this membrane system. From our data, it is clear that this hypothesis is probably not entirely valid since both envelope membranes contain prenylquinones whereas only the inner one is able to synthesize these compounds.
The presence of all the enzymes involved in the last steps of plastoquinone-9 and cu-tocopherol biosynthesis in the inner envelope membrane provides new evidence for a major role of plastid inner envelope membranes in the biogenesis of these organelles. Indeed, this membrane is not only involved in the biosynthesis of phosphatidic acid (13), diacylglycerol (13), and galactolipids (11, 13) ; from our data, we can conclude that at least five other enzymatic activities (homogentisate decarboxylase polyprenyltransferase, S-adenosyl-methionine:methyl-6-phytylquinol methyltransferase, Sadenosyl-methionine: y-tocopherol methyltransferase, homogentisate decarboxylase solanesyltranferase, and S-adenosyl-methionine:methyl-6-solanesylquinol methyltransferase), and possibly another one (2,3-dimethylphytylquinol cyclase) involved in the biosynthesis of the two major chloroplast prenylquinones are localized on the inner envelope membrane.
However, since parts of the biosynthetic pathways for plastoquinone-9 and cY-tocopherol are almost identical (compare Figs. 1 and 5) , it is possible that the same enzymes are involved in the biosynthesis of these two prenylquinones.
The observation that prenylquinone-synthesizing enzymes are localized on the inner envelope membrane is not surprising since we have demonstrated that the soluble prenyltransferase (which synthesizes prenylpyrophosphate derivatives, such as geranylgeranylpyrophosphate, from isopentenylpyrophosphate)
is localized in the stromal phase and is strongly stimulated by addition of envelope membranes, and therefore probably functions in close association with the inner envelope membrane (23) .
Together with our previous data (5, 6), these results strongly suggest that, during plastid development, massive transport of prenylquinones from the inner envelope membrane to the thylakoids must occur. Exact mechanisms are still unknown, as it is for galactolipid transport from their site of synthesis (the inner envelope membrane) to their site of accumulation (the thylakoids). A possible mechanism is the transfer via numerous vesicles which are emitted by the inner envelope membrane towards the internal membranes during plastid development [see, for instance, such figures in Ref. (24)J.
Finally, these observations, together with the results obtained for galactolipid biosynthesis (ll-13), demonstrate that the inner envelope membrane is a site of active membrane biosynthesis. However, more work has to be done in order to elucidate the regulation of prenylquinone biosynthesis within the inner envelope membrane and the biological function of envelope prenylquinones.
These questions have major implications if we want to understand the role of each envelope membrane in plastid development.
